Objectives: Clinical guidelines recommending the use of myeloid growth factors are largely based on the prescribed chemotherapy regimen. The guidelines suggest that oncologists consider patient-specific characteristics when prescribing granulocyte-colony stimulating factor (G-CSF) prophylaxis; however, a mechanism to quantify individual patient risk is lacking. Readily available electronic health record (EHR) data can provide patient-specific information needed for individualized neutropenia risk estimation. An evidence-based, individualized neutropenia risk estimation algorithm has been developed. This study evaluated the automated extraction of EHR chemotherapy treatment data and externally validated the neutropenia risk prediction model. Materials and Methods: A retrospective cohort of adult patients with newly diagnosed breast, colorectal, lung, lymphoid, or ovarian cancer who received the first cycle of a cytotoxic chemotherapy regimen from 2008 to 2013 were recruited from a single cancer clinic. Electronically extracted EHR chemotherapy treatment data were validated by chart review. Neutropenia risk stratification was conducted and risk model performance was assessed using calibration and discrimination. Results: Chemotherapy treatment data electronically extracted from the EHR were verified by chart review. The neutropenia risk prediction tool classified 126 patients (57%) as being low risk for febrile neutropenia, 44 (20%) as intermediate risk, and 51 (23%) as high risk. The model was well calibrated (Hosmer-Lemeshow goodnessof-fit test ¼ 0.24). Discrimination was adequate and slightly less than in the original internal validation (c-statistic 0.75 vs 0.81). Conclusion: Chemotherapy treatment data were electronically extracted from the EHR successfully. The individualized neutropenia risk prediction model performed well in our retrospective external cohort.
BACKGROUND AND SIGNIFICANCE
Febrile neutropenia (FN) and severe neutropenia (SN), characterized by a significant decrease in white blood cells with and without fever present, are serious sequelae resulting from myelosuppressive cancer chemotherapy treatment. FN is a medical emergency and is associated with treatment delays, dose reductions, hospitalizations, mortality, and a high cost burden that is estimated at $1.2 billion annually.
1,2 Granulocyte-colony stimulating factor (G-CSF) prophylaxis (filgrastim, pegfilgrastim, tbo-filgrastim, and filgrastim-sndz) decreases chemotherapy-induced neutropenia and infection, [3] [4] [5] [6] [7] [8] length and severity of neutropenia, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] and infection-related mortality and chemotherapy-associated early deaths, 21 and reduces absolute and relative risk for all-cause mortality. 22 However, G-CSF use often goes against recommended clinical practice guidelines. [23] [24] [25] Current recommendations include use of G-CSF prophylaxis for high-risk FN regimens and avoiding it with low-risk regimens. 3, 7 However, in addition to its high cost, G-CSF is also associated with adverse events and is not warranted for all patients. 26, 27 The incidence of FN and SN varies across diagnoses, treatment regimens, and lines of therapy. A retrospective analysis of adults receiving chemotherapy for solid tumors showed an FN rate of 13-21%; 28 however, a systematic review and meta-analysis of randomized controlled trials and observational studies showed significantly higher FN rates in the observational cohort (odds ratio [OR] ¼ 1.74; 95% confidence interval [CI], 1.15-2.62; P ¼ .012). 29 Individual patient characteristics, including comorbidities, are also associated with FN risk. 30 Current clinical guidelines recommend G-CSF prophylaxis for neutropenia risk >20% in adults with solid tumors and nonmyelogenous malignancies. 3, 7 The guidelines are primarily based on the chemotherapy regimen, with recommended consideration of individual patient characteristics when assessing neutropenia risk. Specific patient characteristics are provided within the guidelines; however, a mechanism to quantify patient-specific risk is lacking. 3 Due to the widespread adoption of electronic health records (EHRs), extraction of patient data could inform individualized neutropenia risk prediction for patients at the point of chemotherapy prescribing.
To assess the impact of patient-specific characteristics on SN or FN risk, Lyman et al. 31 developed and internally validated an algorithm for estimating neutropenia risk using a large prospective patient registry. Patient-specific variables included age, receipt of prior chemotherapy, cancer diagnosis, relative dose intensity (RDI) for cycle 1 chemotherapy, white blood cell count (WBC), glomerular filtration rate, aspartate aminotransferase level, alkaline phosphatase level, total bilirubin, concurrent immunosuppressive therapy, and receipt of G-CSF prophylaxis. Regression analysis demonstrated good model discrimination for SN or FN risk over multiple chemotherapy cycles. The objectives of the present study include verification of the quality of electronic chemotherapy treatment data extracted from the EHR and external validation of the existing neutropenia risk model.
31

MATERIALS AND METHODS
Study setting and population
This retrospective data quality analysis and model validation was conducted at HealthPartners, an integrated health care system located in the Midwest serving 1.5 million members and more than 1 million patients annually. The study population included adults 18 years and older with incident breast, colorectal, lung, lymphoid, or ovarian cancer diagnosed from January 1, 2007, to December 31, 2012 . Subjects were required to have received cycle 1 of a new chemotherapy regimen from an owned HealthPartners cancer clinic and health plan enrollment for at least 10 of the 12 months preceding and following the relevant cancer diagnosis. Subjects with HIV, leukemia, or a history of stem cell transplant were excluded. Subjects were also excluded if they were treated with an oral chemotherapy regimen or received therapy at a contracted or external facility, because treatment records were not readily available for electronic data extraction. The HealthPartners Institutional Review Board granted approval, including a waiver of patient consent. Chemotherapy treatment data (height, weight, body surface area, chemotherapy regimen, G-CSF agent, doses, and administration dates) were electronically extracted from the EHR oncology treatment module (Epic Beacon). Chemotherapy treatment data were also manually abstracted by trained research staff. The electronically extracted data were compared with manually extracted data to verify electronic extraction of the variables. Discrepancies between the electronic and manual data were adjudicated by the principal investigator (PAP).
Data extraction and verification
Variables derived from extracted data included the presence of neutropenia, SN, and FN using previously defined criteria. 3 Neutropenia is defined as an ANC <1500/mcL (<1.5 Â 10 9 /L). SN is defined as an ANC <500/mcL, and FN is defined by a single oral temperature !38.3 C or !38.0 C over 1 h; ANC <500 neutrophils/mcL or <1000 neutrophils/mcL with a predicted decline to 500/mcL over the next 48 h. All SN and FN events were chart abstracted and reviewed by the principal investigator. The confirmation rate was 91%. Renal function was assessed using the Cockcroft and Gault method. 38 Immunosuppressive therapy, defined as concurrent treatment with medication(s) indicated to decrease the immune response for noncancerous conditions, was identified from VDW prescription claims data from outpatient pharmacies using national drug codes. Treatment regimen data were extracted and categorized according to standard regimens published in the treatment guidelines 3 and primary literature. Where more than 1 standard dose was identified, the least aggressive dosing regimen was used. Patient data were excluded if the treatment regimen could not be attributed to a standard regimen. Chemotherapy treatment regimen data were used to calculate the RDI (the ratio of planned dose to the standard regimen dose) for each chemotherapy agent. The RDI was calculated following the method outlined by Lyman et al. 31 ; however, the administered dose was substituted for the planned dose due to limitations of the retrospective study design. RDIs for individual cytotoxic agents were averaged to obtain an overall RDI for each patient.
All chemotherapy agents included in the original model were placed in rank order based on the model's estimated OR for marginal risk. 31 Fludarabine, gemcitabine, and bevacizumab were not included in the original neutropenia risk model but were included in the current study. These 3 agents were inserted into the OR ranking by assessing the marginal risks associated with them, using the primary literature and the current guidelines for myeloid growth factor use. 3 The ORs for the 3 agents were estimated as the average of the ORs immediately preceding and following them in the ranking.
DATA ANALYSIS
External validation of the preexisting neutropenia risk prediction algorithm
The existing neutropenia risk prediction model was applied to the current data with the 2 previously described modifications: administered chemotherapy treatment data were used for the RDI, and 3 chemotherapy agents not included in the original model were added. 31 The data were partitioned into 3 neutropenia risk strata:
low (<10%), intermediate (10-20%) , and high (>20%). The average predicted risk and observed SN and FN rates were computed for each stratum for comparison within strata and overall. Model performance based on continuous risk estimates was formally evaluated using calibration and discrimination measures. A comprehensive description of the risk model can be found in the supplemental appendix (Appendix A). Logistic regressions were performed using the model's risk score as a univariate predictor of neutropenia events. Calibration was assessed using the Hosmer-Lemeshow goodness-of-fit test. 39 A regression was also used to estimate beta coefficients for the best fitting linear transformation of the risk score. Model discrimination was assessed using the receiver operating characteristic (ROC) curve and the area under the curve (c-statistic). 40, 41 Additional tabular and graphical analyses were done to evaluate the use of prophylaxis by hypothetical predicted risk level; hypothetical predicted risk was computed assuming no G-CSF prophylaxis. Subgroup analyses were performed for patients without G-CSF prophylaxis and those with estimated neutropenia risk <30%. Sensitivity tests were conducted to assess the impact of incorporating fludarabine, gemcitabine, and bevacizumab into the model. One test included all patients and estimated the additional risk from the new agents as zero. The other test excluded patients (n ¼ 29) who received these agents. G-CSF prophylaxis was compared to risk model recommendations and neutropenic events. All electronically extracted data were obtained using SAS v9.3 (SAS Institute Inc., Cary, NC, USA).
RESULTS
Of the 262 patients who met the inclusion criteria, 41 were excluded from analysis. Reasons for exclusion were as follows: standard chemotherapy treatment regimen was undetectable (n ¼ 29), patient did not complete cycle 1 therapy (n ¼ 8), incomplete data or no receipt of chemotherapy (n ¼ 6), receipt of oral chemotherapy (n ¼ 1), and G-CSF use could not be verified (n ¼ 1). Data extraction initially included records from 2007 to 2013; however, many records following implementation of the oncology treatment module were incomplete (eg, inpatient chemotherapy treatment was not initially included in the oncology module, and some records were not available for electronic extraction due to incomplete workflow entries). Therefore, we chose to exclude 2007 chemotherapy treatment data from analysis. Primary findings from the comparison of electronically and manually extracted data demonstrated that the extracted data were largely correct. The following issues were identified: (1) data specifying treatment cycle and day were not readily extractable; (2) G-CSF administration was not consistently recorded in the treatment module secondary to alternate outpatient clinic or weekend/holiday administration, but was accessible from other EHR reporting files; and (3) investigational or approved chemotherapy agents used in clinical trials may not be readily identifiable from extracted data. Table 1 summarizes the current and original study population used to derive the algorithm. 31 Of 221 evaluable patients, 91 (41%)
were 65 years or older, 155 (70%) were female, and breast cancer (37%) was the most common diagnosis. Stratification of patients by predicted neutropenia risk included low (n ¼ 135; 61%), intermediate (n ¼ 35; 16%), and high (n ¼ 51; 23%) ( Table 2 ). The population average predicted risk was 14.6%, compared with an observed event rate of 13.1%. Within each stratum, the mean predicted risk from the model and observed event rates were similar; P values corresponding to differences in event rates ranged from 0.93 to 0.99. Of the 79 patients who received G-CSF prophylaxis, the mean predicted risk was 11% after adjustment for G-CSF prophylaxis; 8 patients (10%) experienced SN or FN. The Hosmer-Lemeshow goodness-of-fit statistic was 0.57, indicating good model fit. Calibration parameters were obtained from the same regression; the best-fitting linear transformation would multiply the risk score (the logit of the predicted risk) by 0.74 (95% CI, 0.38-1.10) and add À0.53 (95% CI, À1.22, 0.16). This translated to correcting a 20% predicted risk to 17.4% or a 10% predicted risk to 10.4%. Because the calibration coefficients were small and not significantly different from zero, they were not used. All reported predicted risks are from the uncalibrated model. The area under the ROC curve (c-statistic) was 0.75, indicating adequate discriminatory performance (Figure 1) . 40, 41 As seen on the ROC curve, 80% percent sensitivity (the rate of true positives) was associated with a false positive rate of 40%. A secondary analysis examined actual G-CSF prophylaxis by level of hypothetical risk. Hypothetical risk was estimated using the model and assuming no G-CSF prophylaxis was administered (Figure 2) . Across all hypothetical predicted risk levels, 8 (4%) had an SN or FN event despite receiving prophylaxis.
The model was tested using subgroup analyses and sensitivity tests (Table 3) . We examined only those patients who did not receive prophylaxis, patients with an estimated neutropenia risk <30%, and alternative methods for addressing cytotoxic agents not already included in the model. In each case, the model had reasonable fit (area under the ROC curve ranging 0.72-0.81).
DISCUSSION
This retrospective study demonstrates our ability to accurately extract electronic chemotherapy treatment data from the EHR oncology treatment module. This data had not previously been extracted electronically at our site, and manual verification confirmed accurate and reliable extraction. Our learnings from the data verification demonstrate that data variability occurred secondary to the module development, clinical workflow, and data documentation in the early phases of implementing the module. The data were reliable and accurate following the first year of implementation; however, general themes outlining the utility of the data were identified. These findings will inform future proposed research at our site. However, the data variability identified at our site may not predict data quality following EHR implementation at other sites. It is possible that the observed challenges with workflow documentation are common among new EHR systems and their users.
This study also provided the first external validation of an existing patient-specific neutropenia risk prediction model. 31 The current study cohort was developed using similar inclusion criteria to those of the original cohort, 31 except the current cohort included only patients diagnosed within the study period. The original cohort included 3638 patients with a diagnosis of breast, colorectal, lung, lymphoid, or ovarian cancer from 115 sites throughout the US. 31 The final, internally validated model incorporated 11 patient characteristics: age, receipt of prior chemotherapy, abnormal liver and renal function, WBC, cancer type, concurrent immunosuppressive therapy, RDI for the planned chemotherapy regimen, and G-CSF prophylaxis. 31 Key differences between the current and original cohorts include: (1) a higher proportion of patients with RDI !85%, (2) greater use of G-CSF prophylaxis, (3) lower SN or FN event rate, and (4) fewer patients receiving concurrent immunosuppressive therapy. These differences are likely due to myeloid growth factor guideline changes, including a decrease in the high neutropenia risk threshold to >20%, increases in treatment intensity and dose-dense therapy, and subsequent increased use of G-CSF prophylaxis.
3,7,42-51 A lower reported rate of concurrent immunosuppressive therapy may be due to definitional differences (personal communication, G.H. Lyman). Stratification of patients by low, intermediate, and high neutropenia risk categories demonstrates that risk estimates were accurate within each stratum. Importantly, 44 (20%) of the 221 patients were classified as intermediate risk, where the use of G-CSF prophylaxis is highly dependent on clinical judgment and individualization of risk could potentially be most beneficial. The resultant area under the ROC curve of 0.75 indicates reasonable overall performance and is only modestly lower than in the original development cohort. 31, 40, 41 The secondary analysis assessed the extent to which adherence to model recommendations might affect the rate of prophylactic G-CSF use and neutropenic events. Few patients in the low and intermediate risk groups received G-CSF prophylaxis (Figure 1 ), suggesting that there may be stronger concordance with published guidelines than previously reported. 23, 25, 52 This may be the result of published research, local and national initiatives (eg, ASCO Top 5 53 ), the use of standardized order sets in the EHR, and the study being conducted in an integrated health care system. However, among patients in the high-risk group, one-third did not receive G-CSF, despite guideline recommendations. 3 Therefore, a degree of disconcordance with clinical guidelines remains among both lowand high-risk groups, albeit to a greater degree within the high-risk group. These cases likely represent prescribers' clinical judgment in determining G-CSF prophylaxis. The National Comprehensive Cancer Network guidelines specify patient characteristics to consider for neutropenic risk determination 3 ; however, those character- istics were tested and some were not found to be statistically significant in a multivariate analysis. 31 This emphasizes the need for risk prediction methods when assessing individual neutropenic risk. Figure 1 demonstrates SN and FN events occurring across risk categories, suggesting the difficulty in ascertaining risk solely by judgment. This point was further illustrated in a study comparing physician estimation of neutropenia risk with the neutropenia risk model used in this study. 54 The median physician-assessed and model-predicted SN and FN risks across all chemotherapy cycles were 20.0% and 17.9%, respectively. However, physician-assessed FN risk and model-predicted risk correlated weakly: 0.249 (95% CI, 0.179-0.316). Further, the correlation between physician-assessed FN risk and orders for G-CSF prophylaxis was moderate (0.313; 95% CI, 0.135-0.472). Among those in the low and intermediate neutropenia risk groups who did not receive prophylaxis, some experienced a neutropenic event. Despite the chemotherapy regimen being associated with a low risk for a neutropenic event, individual risk factors likely impacted the level of risk. In addition, among those at high risk who did not receive prophylaxis, not all experienced a neutropenic event; it is possible that not all patients classified as high risk require G-CSF prophylaxis, at least initially. Individualized neutropenia risk estimation based on planned chemotherapy and patient-specific characteristics could enable optimization of neutropenia risk prediction and individualize G-CSF use, especially among patients receiving chemotherapy treatments associated with low or intermediate risk.
Subgroup analyses also demonstrated good model performance (c-statistic 0.81 and 0.72, respectively), suggesting that the model is adequate for use in other patient populations and that performance is not markedly affected by G-CSF prophylaxis or patients with neutropenia risk >30%. Sensitivity analyses assessing the addition of fludarabine, gemcitabine, and bevacizumab did not affect model output in an appreciable manner, showing that it is possible to update the model with newer medications as they become available. The findings related to the addition of the 3 agents were expected because the estimated ORs were derived from neutropenia rates reported in the primary literature and were low relative to other chemotherapy agents in the model.Applying this risk prediction model to patient care will enable providers to identify individuals most likely to benefit from G-CSF prophylaxis and to avoid its use where neutropenia risk is minimal. The model relies on patient information (eg, age, sex, laboratory values, cancer diagnosis, planned treatment regimen and dose, and receipt of prior chemotherapy) available in the EHR. We expect that implementation of the same algorithm elsewhere, using either an automated system or manual input, would have similar validity. The ease of implementation would be determined by the ease of obtaining reliable patient information.
Strengths of the present study include source data that support efficient, high-quality data extraction. In addition to the cohort similarities, identified differences demonstrate the model's validity in 2 Figure 2 . Observed G-CSF prophylaxis and neutropenic events compared with predicted risk if no G-CSF prophylaxis were administered. Despite receiving G-CSF prophylaxis, 8 patients across all predicted risk levels had an SN or FN event. Therefore, even with a more accurate individualized method to determine neutropenic risk, use of G-CSF prophylaxis will not prevent every event. The degree to which G-CSF may not work based on a given treatment regimen has been assessed as part of clinical trials; however, these assessments did not take into account individual patient risk. There are possibly additional patient-specific factors not yet identified that affect patient-specific neutropenia risk. Identifying additional risk factors may improve the model's discrimination.
CONCLUSION
Electronically extracted chemotherapy treatment data from the EHR were verified and provided information critical to understanding electronic chemotherapy treatment data structure and its limitations. We also provided the first external validation of an existing patient-specific neutropenia risk prediction model. The model demonstrated good model performance. This work will inform future research directed at the individualization of neutropenic risk.
CONFLICTS OF INTEREST
The authors report no conflicts of interest associated with this project.
RESEARCH SUPPORT
Funding for this project was provided through a HealthPartners internal research grant.
CONTRIBUTORS
Conception and design: PAP, GRS, AJT, SK, GVB. Provision of study materials or patients: SK. Collection and assembly of data: SK, AJT, PAP. Data analysis and interpretation, writing of manuscript, final approval of manuscript: all authors.
SUPPLEMENTARY MATERIAL
Supplementary material is available at Journal of the American Medical Informatics Association online.
ACKNOWLEDGMENTS
The guidance of Terry Field and Diana Buist, members of the Health Care Systems (HCS) Cancer Research Network (CRN) and CRN Scholar Program mentors, contributed to the development of this research proposal through the CRN Scholars Program. The overall goal of the CRN is to conduct collaborative research to determine the effectiveness of preventive, curative, and supportive interventions for major cancers that span the natural history of those cancers among diverse populations and health systems. HealthPartners Institute is an affiliate member of the HCS Research Network. We would also like to acknowledge Laurie Van Arman and Diane Eggen for chart abstraction, and Cathy Iffert and Lauryn Davin, who assisted with manuscript preparation and submission.
